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We investigated the mechanisms of activation
and degradation of the E3 ubiquitin ligase Nedd4L
combining the available biochemical information
with complementary biophysical techniques. Using
nuclear magnetic resonance spectroscopy, we iden-
tified that the C2 domain binds Ca2+ and inositol
1,4,5-trisphosphate (IP3) using the same interface
that is used to interact with the HECT domain.
Thus, we propose that the transition from the closed
to the active form is regulated by a competition of IP3
and Ca2+ with the HECT domain for binding to the C2
domain. We performed relaxation experiments and
molecular dynamic simulations to determine the
flexibility of the HECT structure and observed that
its conserved PYmotif can become solvent-exposed
when the unfolding process is initiated. The structure
of the WW3 domain bound to the HECT-PY site
reveals the details of this interaction, suggesting
a possible auto-ubquitination mechanism using two
molecules, a partially unfolded one and a fully func-
tional Nedd4L counterpart.
INTRODUCTION
The attachment of the protein ubiquitin to other proteins is one of
the most abundant posttranslational modifications that occurs in
eukaryotes. The process of ubiquitination was initially seen as
a marker for proteasome degradation (Hershko et al., 1979),
but ubiquitination is responsible for triggering other functional
responses depending on the number and linkage of the ubiquitin
molecules. Some of the alternative outcomes to degradation
include histone modification, virus budding, DNA repair, and
the activation of the Goosecoid transcription factors (Hoeller
et al., 2006; Zou et al., 2011). Ubiquitination is a hierarchical pro-
cess that involves three main classes of enzymes known as E1,
E2, and E3. The first two enzymes recruit and conjugate the ubiq-
uitin protein respectively, whereas E3 links it to the substrate.
Ubiquitin conjugation is a reversible process, and ubiquitin
molecules can be removed from substrates by deubiquitinating
enzymes (Komander et al., 2009).1446 Structure 22, 1446–1457, October 7, 2014 ª2014 Elsevier Ltd AAltogether, these results provide the grounds for understand-
ing the mechanisms of protein ubiquitination and also of the
diverse functional consequences driven by this proteinmodifica-
tion. However, the regulation of the target selection, the confor-
mational changes required for the activation of the E3 ligases,
and for their degradation are only partially elucidated. We hereby
set out to investigate the activation and degradation models
of Nedd4L combining the available information with the data
obtained using in vitro molecular biology and biophysical ap-
proaches (Figures 1A and B).
E3 ubiquitin ligases are modular proteins highly conserved
in metazoans. In humans, the Nedd4 family of HECT-type E3
ubiquitin ligases is composed of nine proteins. They contain
a N-terminal C2 domain defined as a Ca2+ and phospholipid
binder (Rizo and Su¨dhof, 1998), up to four WW domains (Sudol
et al., 1995) responsible for the recognition of the substrates,
and the C-terminal catalytic HECT domain (Figure 1A). The
mechanisms of activation of the various ubiquitin ligases
differ depending on the ligase and on the particular pathway
involved. To ensure the specificity of the ubiquitination pro-
cess, target recognition needs to be tightly controlled. Several
ligases transiently adopt closed conformations to protect sub-
strates from unspecific ubiquitination. For example, in the case
of Itch, the phosphorylation of the proline rich region preceding
the WW domains disrupts the intramolecular contacts between
the WW and HECT domains and enhances the enzymatic ac-
tivity (Gallagher et al., 2006). As for Smurf2, its inactive confor-
mation is defined by intramolecular interactions between the
C2 and the HECT domains. In this case, the transition to
the open conformation is achieved through interactions of
the Smurf2 WW domains with Smad7 (Arago´n et al., 2012;
Wiesner et al., 2007). Similar contacts between the C2 and
the HECT domains have been proposed for Nedd4L and
Smurf1 in the closed conformation, although in the case of
Smurf1 these interactions can be intermolecular (Wan et al.,
2011; Wang et al., 2010). Nedd4L is mostly localized in the
cytoplasm where it targets Smad2/3 (Gao et al., 2009) but
upon Ca2+-mediated activation, it can also relocate to the
plasma membrane and target other proteins and receptors
(Garrone et al., 2009; Wang et al., 2010). Calcium ions are
known to act as versatile messengers in a broad range of
cellular processes. Phospholipase C (PLC) triggers the in-
crease of the Ca2+ concentration in the cytoplasm, activating
signaling cascades through the hydrolysis of the mem-
brane phospholipid phosphatidylinositol 4,5-bisphosphatell rights reserved
Figure 1. Cytoplasmic Delivery of IP3 Increases Intracellular Ca
2+ Levels, which Is the Trigger for Activation of the HECT-Type Ubiquitin
Ligase Nedd4L
(A) Diagram of human Nedd4L (Uniprot: Q96PU5-5) with the representation of the recombinant constructs used in this work.
(B) Sequence alignment of the C-terminal segment (residues 917– 954) of the Nedd4L HECT domain (the full-length HECT is shown in Figure S1). The
alignment contains Nedd4L sequences in 15 metazoans, including the sequence of two hominids (sapiens and neanderthalensis), several mammals, a
marsupial, an amphibian, various fishes, and a reptile. Other E3 ubiquitin ligases (Nedd4, Itch, and Smurf1) are separated by a break. The catalytic Cys922
residue and the conserved PY motif are highlighted (green and yellow, respectively). The peptide sequence used for the complex structure is indicated with a
black line.
(C) Cartoon representation of the phospholipase C signaling. PLC (1) cleaves the membrane phospholipid PIP2 (green), generating the soluble IP3 (red) and the
membrane lipid diacylglycerol (light green, 2). IP3 diffuses in the cytoplasm to the endoplasmic reticulum (ER), where it binds its receptor (IP3R; 3), a ligand-gated
Ca2+ channel. This causes the efflux of Ca2+ from the ER, and an increase of its concentration up to 1 mM.
(D) Formulas of the membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) and inositol 1,4,5-trisphosphate (IP3).
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Nedd4L: Activation and Degradation Mechanisms(PIP2; Figure 1C). PIP2 interacts with signaling domains, such
as the PH (present in the PLC family) and the C2 domains,
through contacts between the inositol head group and posi-
tively charged patches on the domains (Dunn et al., 2004;
Hyvo¨nen et al., 1995; Suh and Hille, 2005). The hydrolysis of
PIP2 generates diacylglycerol and the second messenger
inositol 1,4,5-trisphosphate (IP3). Once in the cytoplasm, IP3
binds to its receptor, a ligand-gated ion channel, which
responds by releasing Ca2+ (Berridge, 2009). The C2 and PH
domains recognize both PIP2 and IP3 molecules because
they share the inositol moiety (Figure 1D).
With this previous cellular and biochemical background
regarding Nedd4L, and considering that PIP2, IP3, and Ca
2+
levels are regulated in an interdependent manner, we set out toStructure 22, 1446–investigate the potential roles that the Ca2+ and IP3 levels could
play in the regulation of Nedd4L activity. In this sense, using a
biophysical approach that includes high-resolution nuclear mag-
netic resonance (NMR) spectroscopy, we identified the specific
interactions between the C2 and HECT domains that inhibit
Nedd4L catalytic function.
Even though E3 ligases are controlled by auto-ubiquitination
(de Bie and Ciechanover, 2011; Huibregtse et al., 1995), the
mechanisms underlying this process remain elusive. We hereby
hypothesized that the contacts between the foldedWWdomains
and the denatured HECT counterpart reported previously (Bruce
et al., 2008) might be one of the mechanisms responsible for the
auto-ubiquitination process detected in cellular experiments.
Our model suggests a bimolecular process that facilitates the1457, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1447
Figure 2. Interactions of the C2 and HECT
Domains in the Absence of Ca2+
(A) HSQC titration of the 15N-labeled HECT
C-lobe (150 mM, shown in green) with unlabeled
C2 domain in Ca2+-free conditions. The addition
of 2eq (300 mM, blue) and 4eq (600 mM, red)
did not induce detectable chemical shift per-
turbations. An expanded version is shown in
Figure S2B.
(B) HSQC spectrum of the 1H-15N-labeled free C2
domain (300 mM, shown in green) superimposed
to that of the complex with 1eq of the unlabeled
full-length HECT domain (300 mM, brown), ac-
quired in a Ca2+-free Tris-HCl buffer at pH 7. Only
15% of the C2 domain amides are visible in the
complex.
(C) A selected region of the HSQC titration of the
2H-15N-labeled C2 domain with the unlabeled
HECT domain. Color code: free C2 (150 mM,
green), 1:1 (150 mMHECT in blue), and 1:4 (600 mM
HECT in brown).
(D) Residues of the C2 domain affected by the
interaction with the HECT domain are represented
as spheres on the Nedd4L C2 domain (PDB entry
2NSQ). The b1-b2 loop has been modeled using
Rosetta (see Figure S2C). A dark red gradient
represents the chemical shift changes. The DdAV
value was calculated using the CCPN Analysis
software with a 15N weighting of 0.2 with respect
to 1H.
Structure
Nedd4L: Activation and Degradation Mechanismsdisposal of a partially damaged ligase by the recognition of a fully
functional counterpart.
RESULTS
Deciphering the Contacts that Maintain the Ubiquitin
Ligase Nedd4L in a Latent State
To gain additional structural insights into the reported C2 and
HECT domain interactions, we prepared recombinant constructs
with different boundaries and labeling and performed bind-
ing experiments using heteronuclear single quantum correlation
(HSQC)-based titrations (Figure 1A).
The HECT domain is composed of two subdomains known
as the N- and C-terminal lobes. These subdomains are con-
nected by a flexible hinge that facilitates the conformational
rearrangements needed for the loading of ubiquitin units to
the ligase and their subsequent transfer to the protein target
(Verdecia et al., 2003; Figure 1A; Figure S1 available online;
Kamadurai et al., 2009). The C-lobe contains the catalytic
cysteine and a PY motif, similar to the consensus sequence
recognized by WW domains. To characterize the residues
involved in the different interactions, we acquired triple-reso-
nance NMR experiments to assign the C2, WW domains, and
the HECT C-lobe backbone resonances. The stability of the
full-length HECT domain sample was sufficient to acquire
HSQC experiments (Figure S2A), but not enough for acquiring
backbone experiments, which require extended periods of
acquisition time.1448 Structure 22, 1446–1457, October 7, 2014 ª2014 Elsevier Ltd AThe Entire HECT Domain Is Required for the Interaction
with the C2 Domain
The addition of increasing amounts of the C2 domain (equili-
brated in a Ca2+-free buffer), to the 15N-labeled HECT C-lobe
domain showed no chemical shift changes in the HSQC-TROSY
spectrum of the HECT C-lobe, even at a 4:1 molar ratio (Figures
2A and S2B). In contrast, the addition of 1 equivalent of the full-
length45 kDa HECT domain to a 15N-labeled sample of the C2
domain resulted in resonance broadening and a final loss of
85% of the domain signals (Figure 2B). We interpreted the
broadening of the C2 domain resonances as the result of the
formation of a high molecular weight HECT-C2 complex. This
high molecular weight complex leads to the reduction of the
transversal relaxation times for almost every residue of the C2
domain (only the N-terminal 19 amino acid segment of the C2
domain remains visible). To reduce the signal broadening due
to relaxation we acquired the same HSQC titration experiments
using a 2H15N-labeled C2 sample. In this sample, all protons
were replaced by deuterium with the exception of the amide
protons, which interchange rapidly with the unlabeled buffer.
Upon addition of the full-length HECT domain to the labeled
C2 domain, we could identify chemical shift changes localized
in the b1-b2 loop, (Ile37 and Gly39) and in the b3-b4 loop
(Lys68) of the C2 domain (Figures 2C and 2D). The b1-b2
loop—not identified in the crystal structure, Protein Data Bank
(PDB) 2NSQ—has been modeled using Rosetta (see Figure S2C
for details). The changes of the observed chemical shifts (DdAV)
are up to 0.1 ppm. The HECT FL domain has a tendency toll rights reserved
Figure 3. Ca2+ Binding of the C2 Domain Prevents Its Interaction with the HECT Domain
(A) Superimposition of the HSQC spectra of the C2 domain equilibrated in a Ca2+-free (green, 200 mM) and in a Ca2+-saturated buffer (20 mM CaCl2, light brown,
200 mM). The backbone resonances of the domain in each buffer were independently assigned and compared. Peaks with the highest DdAV values are indicated
with arrows. Peaks in circles represent residues that appear exclusively in the Ca2+-saturated buffer. An expanded version is shown in Figure S3. Selected regions
of a stepwise titration up to saturation are shown next to it.
(B) ITC titration of the C2 domain in the presence of Ca2+ performed at 298 K in a Tris-HCl buffer at pH 7. The best fitting is obtained using themodel of two binding
sites, with Kd values of 26.5 ± 10.9 nM and 1.7 ± 0.2 mM, respectively.
(C) Ca2+ binding site on the modeled C2 structure (as in Figure 2D). Residues with CS values affected are colored using a light brown gradient. Gray spheres
represent residues detected only in the Ca2+-saturated C2 domain sample. Two Ca2+ ions (dark brown spheres) are shown based on a structural alignment with
the crystal structure of the C2 domain of Nedd4 (PDB entry 3B7Y), which displays a 73.5% identity and 83% similarity to the Nedd4L C2 domain.
(D) HSQC spectra of the 1H-15N labeled free C2 domain (green, 300 mM) and in the presence of the unlabeled HECT domain (orange, 300 mM), with both samples
equilibrated in a 20 mM CaCl2 Tris-HCl buffer at pH7. Under these conditions 98% of the
1H-15N-labeled C2 domain amides remain visible indicating that the
HECT-C2 complex (shown in Figure 2B) is not formed.
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precluded the addition of more than four equivalents to the
C2 solution and the determination of the apparent affinity of
the interaction using NMR or isothermal titration calorimetry
(ITC). This binding site and the magnitude of the chemical shift
changes are similar to those described for the contacts between
the HECT and C2 domains of Smurf2 in a similar experiment
(Wiesner et al., 2007).
Identification of the Ca2+ Binding Sites in the Need4L C2
Domain
The comparison of both HSQC spectra of the C2 domain equil-
ibrated in the presence (20mM CaCl2) or in the absence of Ca
2+
at pH 7 reveals that the presence of Ca2+ induces chemical shift
changes (DdAV) up to 0.702 ppm in the Nedd4L C2 domain
(Figures 3A and S3). The C2 domain of Nedd4L shares 83%Structure 22, 1446–similarity with its Nedd4 counterpart, whose crystal structure
in complex with Ca2+ has been determined (PDB entry 3B7Y).
The comparison of both Nedd4 and Nedd4L sequences sug-
gests that the C2 domain of Nedd4L binds Ca2+ in two sites.
We investigated the interaction of the C2 Nedd4L domain with
Ca2+ using ITC. The fitting of the titration experiments required
the use of the two binding sites approximation, corroborating
the presence of two Ca2+ sites with apparent Kd values of
26.5 ± 10.9 nM and 1.7 ± 0.2 mM, respectively (Figure 3B).
The most affected residues by the presence of Ca2+ are located
in the three b1-b2, b5-b6, and b7-b8 loops, as shown in
the model (Figure 3C). Of note, Lys35, Asp36, Ala40, Glu96,
Thr100 and Arg101 residues were observable in our HSQC
spectra only in the presence of Ca2+, indicating a decrease of
amide broadening in the b1-b2 and b5-b6 loops caused by
Ca2+ binding.1457, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1449
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the C2 and HECT Domains
The C2 domain of Nedd4L uses a similar binding site to interact
with the HECT domain andwith the Ca2+ ions. This observation is
in agreement with the previously characterized role of Ca2+ con-
centration as a regulator in the activation of the ligase (Wang
et al., 2010).
To analyze whether the binding of Ca2+ by the C2 domain may
interfere with the binding to the HECT domain, we repeated the
titration of the 15N-labeled C2 domain with unlabeled HECT in
the presence of saturating Ca2+. After the addition of one equiv-
alent of the full HECT domain, approximately 98% of the amide
signals corresponding to the C2 domain were still unaffected
(Figure 3D). This is in contrast to the experiments acquired in
the absence of Ca2+. The addition of four equivalents of the
HECT domain to the C2 sample induced small perturbations in
the chemical shifts of Leu33, Lys68, and Asp95, and reduced
the intensity of the Gly39 signal, all of them located in proximity
to the previously identified HECT binding site. Thus, the ability of
the HECT and C2 domains to interact with one another is highly
perturbed by the presence of Ca2+.
IP3/Ca
2+ Signaling: The C2 Domain Interacts with
PIP2/IP3 in a Ca
2+-Dependent Manner
Nedd4L is mainly localized in the cytoplasm where it binds to
protein targets as the Smad2/3 proteins (Gao et al., 2009). The
presence of Ca2+ contributes to its re-location to the membrane,
to the proximity of the transforming growth factor b (TGF-b)
receptor and the b-ENaC channels for their degradation (Plant
et al., 1997;Wang et al., 2010). This localization is highly reduced
in Nedd4L isoforms lacking the C2 domain, reinforcing the direct
role of this domain in Ca2+ and membrane binding via phospho-
lipid interactions (Garrone et al., 2009). PIP2 hydrolysis by PLC
releases the second messenger PIP3 into the cytoplasm (Ber-
ridge, 2009). Both PH and C2 domains also interact with the
IP3 molecule because it retains the inositol head group charac-
teristic of the PIP2 molecule (Hyvo¨nen et al., 1995; Wiesner
et al., 2007; Figure 1D). This interaction contributes to the local-
ization of the domains in the cytoplasm and is a mimic to repre-
sent how these domains can interact with phosphatidylinositol
anchored in the membrane.
To assess whether IP3 (the soluble analog of PIP2) interacts
with the C2 domain of Nedd4L and to assess the potential role
of Ca2+ in the interaction, we used both 1D 31P and 2D 1H-15N
HSQC NMR titration experiments. In the absence of Ca2+, the
addition of increasing amounts of IP3 up to 30 equivalents
caused almost no perturbation on the 1H-15N resonances of
the C2 domain. The 31P resonances of IP3 were also slightly
affected. In contrast, similar experiments performed in the
presence of saturating Ca2+ resulted in 31P chemical shift pertur-
bations of the IP3 resonances (Figure 4A). Several protein reso-
nances were affected as well. These perturbations correspond
to residues located in the b1-b2 (Lys34, Asp36, Ala40, and
Ser41) and b3-b4 (Lys68 and Leu70) loops, and the b5 strand
(Val93 and Asp95; Figures 4B and 4C). These residues overlap
with the HECT binding site, and partially with the Ca2+ binding
pocket (the b1-b2 loop). The IP3 binding mode of the Nedd4L
C2 domain is in agreement with the lipid-binding model pro-
posed for C2 domains where the Ca2+ ions act as a bridge be-1450 Structure 22, 1446–1457, October 7, 2014 ª2014 Elsevier Ltd Atween the protein and the IP3 through electrostatic interactions
(Cho and Stahelin, 2006). This observation differs from that
described for Smurf2, whose binding is Ca2+ independent (Wies-
ner et al., 2007) and from the reported IP3 binding of the pro-
tein kinase C alpha C2 domain, which involves a basic pocket
located on the concave surface of the domain (Guerrero-Valero
et al., 2009).
Our data suggest that the presence of Ca2+ switches the C2
domain preferences from protecting the catalytic site of the
HECT domain to interacting with PIP2 head groups in the mem-
brane or IP3 molecules in the cytoplasm (Figures 4D and S4).
Ubiquitination of the Ubiquitin Ligase: Fully Functional
Nedd4L E3 Ligases Target Partially Unstructured HECT
Domains of Other Ligases for Degradation
The HECT C-lobe has a conserved loop containing the PY motif,
which is present in all HECT ligases. A sequence alignment
including sequences of Nedd4L proteins from diverse meta-
zoans and of different E3 ligases reveals that the PY site is highly
conserved (Figure 1B; Figure S1). In Nedd4L, WW domains have
been shown to recognize this motif in the context of the dena-
tured HECT domain (Bruce et al., 2008). In the structure of the
HECT domain, this loop is exposed to the solvent, with the
exception of the tyrosine ring that is partially buried. Remarkably,
the PY motif present in the HECT domain diverges from the
canonical PPxY sequence recognized by most WW domains
(Macias et al., 2002).
To test whether the Nedd4L WW domains recognize the loop
containing the PY site at room temperature, we performed titra-
tions with either the WW2 or with the WW3 domains and the
folded HECT C-lobe. Using the WW2 (the domain that recog-
nizes the PY sites of Smad2/3 and of Smad7), we could only
detect very small chemical shift perturbations in the 1H-15N
resonances of the HECT C-lobe. The observed changes are
restricted to a few solvent-exposed residues, located in the
b1-a2 and the a3-b2 loops (Figure S5A). Some of these chemical
shift perturbations were not observed when the WW3 domain
was titrated (Figures 5A and 5B). Instead, minor chemical shift
changes were detected in the proximity of the PY site, although
no effects were observed for the HECT PYmotif itself (the proline
residues are not detected in HSQC experiments due to their lack
of amide protons). Upon addition of high excess ofWW3domain,
we observed small chemical shift changes in other residues far
from the PY site that could be due to unspecific interactions or
to small structural perturbations.
Because the loop containing the PY site is close to the
catalytic cysteine, we hypothesize that transferring ubiquitin
molecules to target proteins may require some flexibility of the
C-terminal part of the protein and that this flexibility might be
involved in the unfolding process of the protein. We analyzed
the dynamic properties at the fast time-scale (picoseconds to
nanoseconds) by measuring the T1, T2 and heteronuclear-NOE
relaxation data at 298 K (Figure 5C). Residues located in second-
ary structure elements and in short loops of the HECT C-lobe
display T1, T2, and NOE values that are typical of a compact
structure, including the residues in the b4-a4 loop, where the
PY motif is located. Reduced NOE values in the a3-b2 loop
indicate a higher mobility of this specific area when compared
to the rest of the molecule. These measurements suggest thatll rights reserved
Figure 4. The C2 Domain Interacts with IP3 in a Ca
2+-Dependent Manner
(A) 31P NMR chemical shift perturbation assay monitoring the binding of IP3 to the C2 domain of Nedd4L at pH7 and 298 K. Top: Ca
2+-free conditions: Free IP3
(reference) is displayed in gray. Spectra of IP3 in increasing molar ratio with respect to constant C2 domain (150 mM) are shown in green (12eq, 1.8 mM), blue
(24eq, 3.6 mM), and red (30eq, 4.7 mM), respectively. Small chemical shift differences are observed for two of the 31P nuclei. Bottom: in the presence of 20 mM
CaCl2: differences of
31P chemical shifts are observed in the three phosphate groups of the IP3, upon binding on the C2 domain.
(B) 1H-15N HSQC titration of IP3 on the C2 domain of Nedd4L (150 mM) in saturating Ca
2+ conditions. The free C2 reference spectrum is represented in gray. The
addition of IP3 excess is represented in green, blue, and red, respectively (12eq–1.8 mM; 18–2.7 mM and 30–4.5 mM).
(C) Mapping of the IP3 binding site on the Nedd4L C2 domain surface, with the most affected residues displayed as spheres colored in a blue gradient depending
on their CSP DdAV values.
(D) Schematic representation of the working model for the Nedd4L activity modulation. On the left, Nedd4L is shown in its closed and inhibited conformation,
which is established through contacts between the C2 and the HECT domains. For simplicity, intramolecular contacts are shown, similar to those reported for
Smurf2 (Wiesner et al., 2007), but self-inhibition could also be reached through intermolecular contacts as in the case of Smurf1 (Wan et al., 2011). Binding of
soluble IP3 on a C2 surface region overlapping the HECT binding site contributes to favor the transition from the closed to the open and active form of the ligase
(an expanded model is shown in Figure S4).
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to that of the structure previously determined by X-ray (PDB
entry 3JW0) and with small flexibility associated with the large
loops (Kamadurai et al., 2009).
To explore the dynamic behavior of the protein over longer
time scales than those investigated with NMR, we also per-
formed molecular dynamics simulations at different tempera-
tures on the HECT C-lobe fragment extracted from the crystal
structure of the HECT domain. First, we calculated a trajectory
at 310 K. After equilibration, the solvated system was simulated
without positional restraints for 120 ns. Upon analysis of the
simulations, we did not observe any significant conformational
shifts at the b4-a4 loop with the PYmotif (residues 929–993, Fig-
ure S5B). The root-mean-square deviation fluctuated around
0.2 nm. The residues that showed the highest residue root-
mean-square fluctuation belonged to the a3-b2 loop, which isStructure 22, 1446–in agreement with measured NOE values reporting flexibility of
the region (Figure 5C). Overall, and considering the long time-
scale sampled, we observed the apparent rigidity of the domain
with no major conformational changes within the 120 ns simula-
tion (Figure S5B).
Next, we performed molecular dynamics simulations using a
heating ramp from 310 K to 600 K (these values do not correlate
directly with experimental values) over a 40 ns trajectory, starting
with the structure equilibrated at 310 K (Figures 5D, S5C, and
S5D). The tyrosine Y931 of the PY motif is buried in the core of
the protein during the initial stages of the simulation whereas
the protein roughly conserves the pseudo-native fold (indicated
by the radius of gyration and the number of residues comprising
secondary structural elements). When the simulation reaches
15 ns, the residue Y931 (in the PY motif) is solvent-exposed,
and soon afterward starts destabilization of the fold. We could1457, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1451
Figure 5. Y931 in the Conserved HECT-PY Motif Is Not Accessible in the Natively Folded Protein, but It Is Soon Exposed during Protein
Destabilization
(A) Chemical shift perturbations on the 15N-labeled HECT C lobe (200 mM) induced upon the addition of increasing amounts of the unlabeled WW3 domain. A
representative section of the HSQC spectra is shown corresponding to the free HECT C-lobe (green) and in the presence of 10 equivalents of the WW3 domain
(orange, 2 mM). An analogous titration using WW2 is shown in Figure S5A.
(B) Residues affected in the experiment shown in (A) are depicted on the HECT structure (PDB entry 3JW0; Kamadurai et al., 2009) represented as spheres and
colored with an orange gradient depending on their CSP DdAV value.
(C) Plots of the T1, T2, and heteronuclear-NOE data acquired on a
15N-labeled sample of the HECT C-lobe. Proline and overlapped residues were not included in
the analysis. The error bars of the T1 and T2 plots correspond to the SD of the curves fitted to the experimental data. The NOE SD was determined using the
equation described in the Experimental Procedures.
(D) Frames extracted from the molecular dynamics simulation displaying the changes in the PY loop and in particular in the accessibility of Y931. These frames
correspond to the early stages of protein destabilization, while the domain still maintains its native fold. The structures are z-axis rotated 90 to the left with respect
to (B). More details are shown in Figures S5C and S5D.
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data acquired at higher temperatures because as soon as we
increased the experimental temperatures to 310 K, the protein
started to aggregate and precipitate.
Considering these data and that E3 ubiquitin ligases have
been shown to control their abundance through auto-ubiquitina-
tion (de Bie and Ciechanover, 2011) we hypothesized that the
HECT PY motif may participate in the ligase’s regulatory mech-
anism. Because the HECT fold is compact, we propose that
the auto-ubiquitination reaction is indeed a bimolecular reaction
that occurs when the partially unfolded HECT domain of one
molecule becomes the target of an intact E3 ligase.
Structure of the WW Domain in Complex with the PY
Peptide
Prompted by the observations that the HECT domain does
participate in interactions with WW domains when it is unfolded,
we investigated the potential interactions using a synthetic frag-
ment including the PY site (Arg925–Lys940) and the different
WWdomains usingNMRand ITC (Figures 6A andS6). Both tech-1452 Structure 22, 1446–1457, October 7, 2014 ª2014 Elsevier Ltd Aniques revealed that theWW3binds themotif with the highest af-
finity (Kd = 4.4 ± 1 mM). The WW1, WW2, and WW4 domains
interact with lower affinities (Kd values >100 mM, 21.4 ± 2 mM
and 38.9 ± 5 mM, respectively). The observed binding pattern
is consistent with biochemical data obtained in the context of
the denatured HECT domain (Bruce et al., 2008).
Despite its divergence from the canonical PPxY sequence, the
binding of the HECT-PY peptide to the WW3 domain is indeed
much tighter than expected for a transient and reversible inhibi-
tory interaction, but it is within the range of previously measured
values forWWdomain substrate recognition (Arago´n et al., 2011,
2012). We thus decided to investigate the basis for this high-
affinity interaction using multidimensional NMR spectroscopy.
Heteronuclear, triple resonance, experiments allowed for the
assignment of the 13C-15N-labeled WW3 domain in complex
with the unlabeled peptide, whereas homonuclear spectra
were used to assign the peptide and its contacts with the protein.
The complex structure shows a folded WW3 domain analo-
gous to that of the complexwith Smad3 (PDB entry 2LAJ; Arago´n
et al., 2011) with the HECT-PY peptide bound adopting anll rights reserved
Figure 6. Biophysical and Structural Characterization of the WW3 Binding to the HECT-PY Motif
(A) ITC titration of the HECT PY peptide (residues Arg925–Lys940) on the WW3 domain (278K in phosphate buffer, pH 7). The titrations using the other three WW
domains in the protein are displayed in Figure S6. The WW3 domain shows the highest affinity value, which is within the ranges of other WW domain substrate
recognition, e.g., the interaction with Smad2/3 and Smad7.
(B) Left: lowest energy NMR structure of the Nedd4L WW3 domain (residues 478–509, main chain in blue, side chains in orange) in complex with the HECT PY
peptide (residues Arg925–Lys940, in gray). Both protein and peptide residues showing intermolecular NOE signals in the NMR spectra are labeled in orange and
gray, respectively. Right: surface charge distribution of the WW domain bound to the peptide. The lowest energy structure from the NMR data-calculated
ensemble was used for both representations.
(C) Left: side view of the refined structure shown in (B), displaying details on the electrostatic contact between D927 and R492, the coordination of L928 byW505
and that of Y931 by K501 and T503. Right: Stereo view of the calculation-derived 20 lowest energy structures ensemble.
Structure
Nedd4L: Activation and Degradation Mechanismsextended conformation (Figures 6B and 6C). Abundant intermo-
lecular contacts define the complex and are mainly centered on
the residues in and around the PYmotif. To facilitate the descrip-
tion of the contacts, we use the amino acid three-letter code for
the protein and the single letter code for the ligand. Many NOEs
are detected from the side chains of Ile496 in b strand 2,
His498 and Lys501 in the second loop, and Thr503 in the third
b strand to the aromatic ring of Y931 (Figure 6B, root-mean-
square deviation 0.94 ± 0.19 for the ensemble of the 20 best
structures). The side chain of P929 occupies the characteristic
XPgroove formedbyPhe494andTrp505,whereas the side chain
of L928 contacts the Trp505 ring. We also detected an electro-
static interaction between the side chains of D927 in the peptide
and the Arg492, analogous to the one we previously observed in
the complex of the Nedd4L WW2 domain with the PY motif of
Smad7 (Arago´n et al., 2012). Furthermore, we observed that the
aromatic ring of F934 is accommodated between both Phe494
and Ile496 side chains and that the E935 is restrained by electro-
static complementarity with the side chain of Arg486. The statis-
tics of the calculation and the analysis are shown in Table 1.Structure 22, 1446–DISCUSSION
Ubiquitination is a mechanism that regulates the function of pro-
teins, and its biological impact on fundamental cellular pro-
cesses has been studied in detail. It has been shown to affect
proteins involved in cell cycle and division, embryo develop-
ment, and tissue homeostasis. Defects in its regulation cause
life-threatening diseases (Petroski, 2008). Ubiquitin ligases
were initially considered constitutively active and exclusively
controlled at the gene expression level. However, recent findings
point to a variety of posttranslational regulatory mechanisms,
including the transition from a closed and inactive conformation
to the open and active form while the half-life of the ligases is
limited by ubiquitin-mediated degradation.
Nedd4L was originally discovered to regulate sodium balance
through proteasomal degradation of the epithelial sodium chan-
nel b-ENaC (Staub et al., 1996). It also induces the ubiquitination
and internalization of several other ion channels. Nedd4L is one
of themain ligases responsible for the ubiquitination of the TGF-b
membrane receptor as well as activated Smad2/3 and also the1457, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1453
Table 1. Statistics for the Nedd4L WW3-HECT PY Refined
Complex Analyzed with Procheck
PDB: 2MPT
BMRB: 25000
Restraints Used for the Calculation (120 Structure Ensemble)
Interdomain 68
Sequential (ji  jj = 1) 164
Medium range (1 < ji  jj% 4) 70
Long range (ji  jj > 4) 229
Dihedrals 74
Hydrogen bonds 10
All restraints (unambiguous) 615
Restraint ratio (45 residues) 13.7
Rmsd (A˚) from Experimental
NOE (3103) 5.5 ± 0.8
Bonds (3103) (A˚) 5.3 ± 0.5
Angles () 0.71 ± 0.05
Coordinate Precision (A˚)
Backbone, all residues in the complex (45 residues) 0.94 ± 0.19
CNS Potential Energy (kcal mol
–1)
Total energy 1,263 ± 63.38
Electrostatic 1,569 ± 40.23
Van der Waals 116.6 ± 24.96
Bonds 22.12 ± 4.55
Angles 108.2 ± 16.88
Structural Quality (% Residues) of 20 Best Structures
In most favored region of Ramachandran plot 88
In additionally allowed region 12
Structure
Nedd4L: Activation and Degradation Mechanismsinhibitory Smad7, as we have recently identified (Arago´n et al.,
2011; Gao et al., 2009; Massague´, 2012).
In this work, we investigated themechanisms of activation and
degradation of the ubiquitin ligase Nedd4L using biophysical
techniques that complement the previous biochemical knowl-
edge available in the literature. We found that the HECT domain
and Ca2+ bind to overlapping areas on the C2 domain, and that
IP3 also binds to the same region specifically in a Ca
2+-depen-
dent manner. We also observed that in the presence of Ca2+,
the HECT and C2 interactions are not detectable using NMR.
Therefore, we have corroborated that the presence of Ca2+ dis-
favors the HECT and C2 contacts. Moreover, we propose that in-
creases of the Ca2+ concentration would result in a switch that
can modulate the population of active and inactive conforma-
tions of the ligase as well as its intracellular localization. The sol-
uble head group of PIP2 is the second messenger IP3. Through
contacts driven by the C2 domain and depending on the PIP2/
IP3 ratio, the ligase can be localized and exert its function either
in the cytoplasm (through interactions with IP3) or in the mem-
brane’s proximity (bound to PIP2). The effects of Ca
2+ and IP3
binding that we describe for Nedd4L may also apply to other
ubiquitin ligases of the family, because they have in common
conserved C2 domains with Ca2+ and phospholipid binding
capabilities.
In addition to the activation mechanism, we have also investi-
gated how the ligase ubiquitination may occur. It has been1454 Structure 22, 1446–1457, October 7, 2014 ª2014 Elsevier Ltd Apreviously suggested that E3 ubiquitin ligases control their own
abundance through an auto-ubiquitination process (de Bie and
Ciechanover, 2011; Huibregtse et al., 1995). Rather than a uni-
molecular process, we hereby propose a mechanism that would
involve two ligase molecules and the interaction between the
conserved PY motif of one molecule and the WW domains pre-
sent in another. The HECT domain has a PY motif located in a
loop close to the C terminus, with the Tyr of the motif partially
buried in the structure. This PY site is highly conserved in evolu-
tion. The conservation applies not only to sequences of Nedd4L
along metazoans, but also between different ubiquitin ligases
and resembles other PY motifs recognized by WW domains.
Because the tyrosine residue is partially buried, we have investi-
gated the potential accessibility of the site during unfolding of the
HECT domain. We performed relaxation experiments at room
temperature but we could not induce partial unfolding of the pro-
tein while avoiding precipitation of the sample. We therefore
applied molecular dynamics simulations to illustrate the unfold-
ing process of the HECT domain with temperature. The simula-
tions reveal that when the HECT domain starts unfolding,
Tyr931 at the PY site becomes accessible. We inferred that
this simulated process may represent an unfolding pathway
that could occur naturally when the protein ages in the cell and
needs to be degraded. Using NMR, we have characterized the
interactions in the complex between the Nedd4L WW3 domain
and the PY site of the HECT domain because the WW3 displays
the highest affinity. Remarkably, the Nedd4L protein uses the
WW2 to interact with canonical PY sites as the ones present in
Smad7 and in Smad2/3 and the WW3 to recognize unusual
phosphorylated sequences (Arago´n et al., 2011). The presence
of negatively charged residues in the HECT PY site may explain
the preference of the WW3 domain for this site.
The NMR solution structure of the complex reveals numerous
contacts between the WW3 domain and the extended PY pep-
tide selected for the interaction. Based on the structure of the
complex, we suggest that the PY motif may indeed take part in
the ligase’s self-regulatory mechanism, which is not driven by
self-ubiquitination but by a related cross-ubiquitination process.
Having a protected PY site prevents the degradation of a func-
tional protein. However, when the protein starts a natural unfold-
ing process, an efficient mechanism to limit the function of the
ligase would start by exposing the PY site to a fully functional
counterpart, which will in turn selectively label the unfolded
proteins for degradation. Certainly, additional experiments using
a cellular based approach will contribute to further elucidate the
mechanisms governing the regulatory processes of the ubiquitin
ligases, and in particular, of the regulation of the folded/unfolded
ratio of HECT domains in vivo.EXPERIMENTAL PROCEDURES
Cloning
The Nedd4L C2 domain clone (1–154) was obtained from Addgene (plasmid
25615). All other independent Nedd4L domains were cloned into the pETM-
11 vector (a gift from the EMBL-Heidelberg Protein Expression Facility). The
constructs used correspond to the following boundaries: WW1 (193–228),
WW2 (364–402), WW3 (477–519), WW4 (529–563), the full HECT domain
(574–949), and the HECT C-terminal lobe (836–949). To increase the stability
of the samples, a C922D mutation was introduced in the HECT clones, using
the QuickChange site-directed mutagenesis kit (Stratagene). All clones werell rights reserved
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Nedd4L: Activation and Degradation Mechanismsconfirmed by DNA sequencing. Residue numbering corresponds to isoform 5
of Nedd4L (Uniprot: Q96PU5-5). Escherichia coli DH5a strain was used along
the cloning procedures.
Protein Expression and Purification
All proteins were expressed in E. coli BL21 (DE3) and purified following stan-
dard procedures. Further details are given in the Supplemental Experimental
Procedures.
HECT PY Peptide Synthesis and Purification
The HECT PY peptide (Ac-RLDLPPYETFEDLREK-NH2; 925–940) was synthe-
sized using Fmoc-based solid phase peptide synthesis on a ChemMatrix resin
with an in-house coupled Rink-Amide linker, using a CEM Liberty1 microwave
synthesizer (0.25 mmol scale). Details of the purification and characterization
are provided in the Supplemental Experimental Procedures.
NMR Chemical Shift Perturbation Experiments
NMR data were recorded at 298 K on a Bruker Avance III 600-MHz spectrom-
eter equipped with a z-pulse field gradient unit and a triple (1H, 13C, 15N) or
quadruple (31P) resonance probe head. Protein samples for the WW-HECT
C-lobe and theWW-HECT PY titrations were equilibrated in a buffer containing
20 mM sodium phosphate and 150 mM NaCl. Samples for the C2-HECT
C-lobe, the C2-HECT, and the C2-IP3 assays were equilibrated in 20 mM
Tris-HCl, 250 mM NaCl, 1 mM EGTA, and, when appropriate, 20 mM CaCl2.
All samples were supplemented with 10% D2O and pH adjusted to 7. Spectra
were acquired using 15N-labeled protein samples at the indicated concen-
trations equilibrated together with progressively increasing amounts of the
unlabeled domain until saturation was achieved. Chemical shift perturbation
analyses were performed on CcpNmr Analysis (Vranken et al., 2005) with a
0.2 weighting of 15N with respect to 1H.
NMR Assignment
Backbone 1H, 13C, and 15N resonance assignments were obtained by
analyzing either the 3D CBCANH and CBCA(CO)NH experiment pair in
the case of the WW3-HECT PY complex (fully protonated sample) or the
HNCACB and HN(CO)CACB pair in the case of the HECT C-lobe and the
C2 domain (perdeuterated samples). TROSY versions of these experiments
and/or the non-uniform sampling acquisition strategy were used in selected
cases to reduce experimental time and increase resolution. All buffer condi-
tions were as mentioned, except for the C2 domain that required higher ionic
strength (400 mM NaCl) to avoid precipitation along data acquisition. Side
chain resonance assignments were obtained by analyzing 15N-TOCSY, 15N-
NOESY, and CCC(CO)NH 3D spectra. Inter- and intramolecular proton dis-
tance restraints were assigned in the 3D 15N-NOESY and the 2D homonuclear
NOESY experiments. NMRPipe (Delaglio et al., 1995) was used for spectra
processing. CARA (Bartels et al., 1995) and CcpNmr analysis (Vranken
et al., 2005) were used for spectra analysis and assignment. Spectra used
for the calculation were integrated using the batch integration method of
the XEASY package.
Structure Determination and Refinement
CNS 1.1 (Bru¨nger et al., 1998) was used for structure calculation. Unambigu-
ously assigned intra- and intermolecular distance restraints were derived from
NOESY experiments. Backbone torsion angles 4 and c as well as secondary
structure-based hydrogen bond patterns were obtained from an analysis of
the Ca and Cb resonances assigned in the CBCANH/CBCA(CO)NH experi-
ments using TALOS+ (Shen et al., 2009). The calculation protocol consists
of two iterations of 1 and 120 structures respectively, using 100,000 cooling
steps. Water refinement of the calculated structures was done with an in-
house Aria (Nilges et al., 1997) modified protocol, which uses all experimental
restraints during refinement. The iCing package (Doreleijers et al., 2012)
was used for structure quality analysis of the lowest-energy structures, and
statistics are shown in Table 1. All images were generated using PyMOL
(http://www.pymol.org/).
Relaxation Measurements
The HECT C-lobe amide relaxation measurements were acquired on a 500 mM
15N-labeled sample as described (Barbato et al., 1992). The T1 and T2 exper-Structure 22, 1446–iments were acquired using 135 (t1) 3 2,048 (t2) total real points. Twelve
different 15N delay time values ranging from 20.8 to 1,664 ms were sampled
to determine the T1. To find out the T2, ten experiments were recorded with
15N mixing times ranging from 12 to 168 ms. Peaks were integrated using
NMRPipe (Delaglio et al., 1995) and values were fitted to a two-parameter
function of the form:
IðtÞ= I0e

t
T1;2

;
where I0 is the normalized intensity at time 0 and I(t) is the relative intensity at
data point t.
Regarding the heteronuclear NOE experiment, the reference and the
presaturated HSQC spectra were acquired in an interleaved manner with an
interscan delay of 8 s. The values of the steady-state 1H-15N NOEs resulted
from the ratios of the peak intensities measured in the reference (I0) and the
presaturated (IS) spectra during the relaxation delay as described (Farrow
et al., 1994). Background noise levels sS and s0 were measured and used to
determine the NOE SD through the following relationship:
sNOE
NOE
=
 
sIS
IS
2
+

sI0
I0
2!12
:
Isothermal Titration Calorimetry
ITC measurements were performed using a nano ITC calorimeter (TA Instru-
ments). To titrate Ca2+ on the C2 domain, a 1.17 mM CaCl2 solution in
20 mM Tris-HCl and 250 mM NaCl at pH 7 was loaded in the syringe and
titrated in a cell containing 190 ml of a 50 mM solution of the C2 domain
(same buffer). The protein concentration was measured in a Shimadzu
UVmini-1240 spectrophotometer on denatured solutions using its predicted
extinction coefficient. Both solutions were degassed before the experiment.
Fifty injections of 1 ml each were performed with 3 min spacing at 298 K.
The NanoAnalyze software (TA instruments) was used to analyze the
binding isotherm using the multiple binding sites fitting model. A baseline
control was measured by titrating the CaCl2 solution on a buffer with no
protein.
The HECT-PY peptide was titrated on the WW domains after dissolving the
peptide and protein samples in the same buffer (20 mM sodium phosphate
and 150 mM NaCl at pH 7). Peptide concentration was determined chromato-
graphically by amino acid analysis. Depending on the expected affinity,
sigmoidal curves were optimized by injecting 10- to 16-fold concentrated
peptide in 15 3 3 ml steps (3 min spacing) in a 150 mM protein solution
(278 K). A single binding site was assumed in each isolated WW domain for
data fitting. Baseline controls were acquired with buffer and pure peptide
solutions.
Molecular Dynamics Simulations
Molecular dynamics simulations were performed and analyzed using the
GROMACS package (Hess et al., 2008). The AMBER03 force field and
TIP3P model for explicit water were used in the simulations. Details are given
in the Supplemental Experimental Procedures.
ACCESSION NUMBERS
The Protein Data Bank accession number for the 20 structures of the Nedd4L
WW3-HECT PY complex is 2MPT; the BioMagResBank database accession
number for the list of chemical shifts and restraints is 25000.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one 3D molecular model and can be found with this article
online at http://dx.doi.org/10.1016/j.str.2014.08.016.
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